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X-ray magnetic scattering study of three-dimensional magnetic order
in the quasi-one-dimensional antiferromagnet NgBaNiOg
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We report a resonant x-ray-scattering determination of order parameter of the Nd sublattice in the quasi-
one-dimensional antiferromagnet, ENiOs. We find that long-range order develops beldy=48 K, and
that the staggered magnetization continues to grow doviln=td0 K. This is in contrast with the behavior of
the Ni sublattice, which quickly saturates, as determined previously by neutron-scattering. We find this behav-
ior is modeled well by a self-consistent mean-field theory. Large resonant enhancements were obtained at both
the NdL, andL,, absorption edges, with the largest count rates being achievedlat #@dge, where structure
consistent with magnetic diffraction anomalous fine structure was observed. A double peak observed at the
L,, resonance is also discuss¢80163-18206)06234-(

I. INTRODUCTION ground state and a Haldane gap in the magnetic excitation
spectrunf’* Further, it does not display any long-range
The study of one-dimensionél D) magnets has occupied magnetic order, at least down to 1.2 K. Substituting magnetic
a central place in the field of magnetism over the years berare earth ions fo¥ increases the interchain coupling and all
cause of the importance of quantum fluctuations in such syshe L#Y members of the series order antiferromagnetically
tems and the tractability of certain of the simplest models. Tawith the 3D Nesl temperature3 ranging from 24 to 80 K
date, the majority of the work performed has been investigafsee Ref. 8, and references thejein
tions of quasi-1D systems in which every effort is made to Intriguingly, recent inelastic neutron-scattering studies of
approach the 1D limit, and there has been less work on ther,BaNiO5 (Ref. 5 and Nd,BaNiOs (Ref. 9 have shown
crossover to 3D behavior as the coupling between the 1@Bhat Haldane-like gap excitations are present not only in
elements of the systems is increased. Recently however, ¥,BaNiOs, but also in thosd ,BaNiO; members that un-
new class of transition-metal oxides has been synthesizedergo a transition to a 3D ordered state. Thus these materials
which allows the introduction of magnetic or nonmagneticexhibit behavior intermediate between true 1D and true 3D
ions between 1D chains of Ni spins. These ions mediate aphenomena. The onset of long-range antiferromagnetic order
interchain interaction and hence a systematic variation of thisloes not, as might be expected, eliminate 1D gap excitations
coupling is possible through chemical substitution, and thepropagating on the Ni sites, but in fact leads to an increase in
1D-3D crossover may be studied in some detail. As a resuthe gap-gap energy. These phenomena are not yet fully un-
they have attracted a great deal of attention. The members @krstood. A better understanding of the underlying physics of
the series are the isostructural nickelates with the generahese unusual systems will require a detailed knowledge of
formula L,BaNiOs, whereL=Y or a magnetic rare earth, the magnetic structure and the temperature dependence of the
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, and TrIn this work,  order parameter of both the Ni and rare earth sites.
we report an x-ray magnetic scattering study of one member |n this work, we report a resonant magnetic x-ray scatter-
of this series, NdBaNiOs. ing study of NgBaNiOs. As discussed below, this technique
The L,BaNiOs compounds feature antiferromagnetic is element specific and one can meagiirectly the tempera-
S=1 Ni?* chains with spinless L(=Y) or magnetic ture dependence of the ordered moment of thé Nihde-
(L=rare earth ions in between, which makes them model pendently of any Ni contribution. This is in contrast to
quasi-one-dimensiona(1D) mixed-spin antiferromagnets. neutron-scattering measurements for which a trial magnetic
They have an orthorhombic structuigace groupmmm), structure must be calculated and the ordered moments of the
with cell constantsa~3.8 A, b~5.9 A, andc~11.7A, as  two sublattices are then extracted from intensities of a num-
first described by Miler-Bushbaun?. Strongly distorted ber of Bragg peaks. In this sense, the work reported here is
NiOg octahedra share apical oxygens to form linear chaingomplementary to the neutron-scattering studies of Sachan
along thea crystallographic axis. The in-chain antiferromag- et al® In addition, x-ray scattering offers the advantages that
netic exchange constant, as determined by inelastic neutranly small samples are required; that high resolution is ob-
scattering, is relatively largé)|~ 250 K5 For nonmagnetic  tained as a natural consequence of the intrinsic collimation of
L (L=Y) the interchain interactions are negligible andthe synchrotron x-ray source; and that the small cross section
Y,BaNiOs is a near-ideal example of a quantum-disorderedensures that even for strong magnetic Bragg peaks, the in-
linear-chainS=1 antiferromagnet exhibiting a spin-singlet tensity is not extinction limited and a reliable measurement
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((2n+1)/2 0 (2m+1)/2) (n, m integed. Antiferromagnetic
ordering occurs affy=48 K and the Ni moments were
found to be essentially saturated bel®w 30 K. In contrast,
the magnetic moment on Nd continues to increase down to
T=10K3

Before presenting the results of this study, we first discuss
X-ray magnetic scattering. Briefly, magnetic scattering by x
rays may be considered in two limits. For incident photon
energies far from an atomic absorption edge, there is weak
spin-dependent scattering; smaller by a factor of order
(fw/mc?)? than the Thomsoicharge scattered intensit}?
This is nonresonant scattering and is typically weak even at a
synchrotron source. However, by tuning the incident photon
energy to an absorption edge, the resonant terms, arising
from the second-order terms in the perturbation expansion of
the cross section, may dominate. This scattering may be sen-
sitive to the magnetic moment if the particular edge chosen
involves the excitation of an electron to a magnetically or-
dered shell, or to an exchange split orbitat? Under such
conditions, coherent magnetic Bragg diffraction occurs and
large count rates may be obtained. The scattered intensity is
proportional to the square of the staggered magnetization in
the case of an antiferromagnet, and correlation lengths may
be measured in the usual w&y'® To date, the largest en-
hancements in the hard x-ray region have been observed at
the L edges of the rare earths and thie edges of the ac-
tinides. The technique is inherently element specific, since
the resonant contributions of a given species tend to domi-
nate the scattered signal. In the present case, we are able to
measure the Nd ordered moment by tuning to thell\énd
L,, edges, with little contribution from the Ni moment ex-

FIG. 1. The ordered spin structure bfBaNiOg as deduced pected.
from neutron-scattering results of Ref. 8. In the present work,
L=Nd. The Ba and O atoms are omitted for clarity.

II. RESULTS

of the order parameter is possible. The sample studied here The experiments were carried out at the X22C beamline
was of high crystallographic quality and large count ratesat the National Synchrotron Light Source. A toroidal focus-
were obtained, allowing a precise determination of the teming mirror and a double bounce @41 monochromator
perature dependence of the Nd ordered moment. were used to obtain a beam of sizel X1 mm? at the

We find that the temperature dependence of the sublatticeample position. Most of the measurements were performed
magnetizations in NgBaNiOg can be adequately described with a G€111) flat analyzer crystal, which has the dual func-
by a simple self-consistent mean-field model, with the Nition of reducing the background signal and providing good
moment quickly saturating beloW, and the Nd moment longitudinal resolution. The overall energy resolution was
continuing to grow down to the lowest temperatures. We~5 eV full width at half maximum and the longitudinal
discuss these results in relation to the temperature depereciprocal-space resolution was 0.0027 ‘A The sample
dence of the gap in the Ni-chain modes. Large resonant erstudied was an irregularly shaped single crystal of
hancements were observed at both thellj@ndL,, absorp-  Nd,BaNiOs of dimensions~0.5x3x4 mm?3, taken from
tion edges and furthermore, the energy dependence of tibe same batch as the sample used by Saehah in their
magnetic scattering suggests a possible hybridization of theeutron-diffraction work. The crystal mosaic was found to be
Nd 4f-5d orbitals. The magnetic Bragg peaks were found toof the order of 0.005°. The sample was mounted in a He-
be resolution limited and we conclude that theeNstate filled Be can on the end of the cold finger of a closed-cycle
does indeed have long-range order. He refrigerator with a base temperatureToef 10 K.

The Nel state inL,BaNiOs has been investigated by =~ Resonant magnetic scattering was observed when the in-
neutron diffraction forL=Nd, Ho, Er, and Tmt%2&|n  cident photon energy was tuned to the Ng andL,, ab-
particular, for Nd,BaNiOs Sacharet al. have shown that the sorption edges, at 6722 and 6208 eV, respectively. The larg-
magnetic structure is close to collinear with the ordered spingst enhancement was obtained atlthesdge. In Fig. 2a) we
pointing along thec crystallographic axi§.This structure is  plot the scattered intensity as a function of incident photon
shown in Fig. 1. The magnetic unit cell is doubled relative toenergy on tuning through thHe, edge. The data were taken
the crystallographic cell along both theandc axes, and the at the(0.5,0,8.5 antiferromagnetic Bragg peak &t=10 K,
onset of long-range magnetic order manifests itself in theand are plotted on a linear scale in the inset and a semiloga-
appearance of new magnetic Bragg reflections of typeithmic scale in the main panel. A count rate of 3000 cps at
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Nd BaNiO ' 2(a) however cannot result from the interference of the non-
2 5 resonant and resonant amplitudes, which can only produce a
T=10K; Q=[0.5038.5]; Nd Ln'edge' minimum in the scattered intensity. We speculate that this
feature is in fact the first oscillation of the anomalous fine
structure associated with the interference of the photoelec-
trons wave function with the surrounding atoms. Such fine
structure is well known in absorption measurements, and has
long been used as a probe of local or@eiray-absorption
fine structure, or XAF$ Recently this technique has been
combined with diffraction by studying the fine structure ob-
served in the Bragg scattered intensity as the incident photon
energy is tuned through an absorption edge. This has been
termed diffraction anomalous fine structuf@AFS).*° We
A believe that the oscillation in Fig.(@ represents magnetic
i R L DAFS. XAFS measurements provide information on the lo-
668 670 672 674 676 678 680 cal structural order, for example the bond lengths, types, and
ho (keV) disorder. Extending the technique to DAFS, Straigeal 1°
pointed out that as well as containing the same local infor-
4 (b) ©) mation, DAFS has the additional benefit of providing spatial
or site selectivity when different regions, or sites, in the
3 sample contribute differently to Bragg peaks. The observa-
tion of magnetic DAFS reported above, allows the same con-
clusions to be drawn about magnetically inequivalent sites.
In our view, the intensity gain§actors of 10 or moreavail-
able at insertion device beamlines, relative to the bending
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1 magnet source of X22C should make such experiments fea-
sible.
Resonant magnetic scattering was also observed at the Nd
e 0300 o302 46 830 Es1 Ly, edge. The intensities of th{& 0 7) charge and0.5 0 8.5
helu) 1(rlu) magnetic Bragg peaks measured at10 K in the vicinity of

theL,, resonance are plotted against incident photon energy
in Figs. 3a and 3b), respectively. The intensity of the
(107) charge peak shows a characteristic dip at the reso-
nance, as a result of the interference of the anomalous scat-
fiering terms in the cross section. In contrast, the (0.508.5)
magnetic peak is resonantly enhanced. The positions of the
dip for charge scattering and the maximum for magnetic
scattering coincide with a steep increase in the fluorescence
from the sample Fig. 8). The resonant enhancement at the
L, edge is significantly smaller than that at theedge. The

FIG. 2. (a) Energy dependence of the magnetic Bragg péak
0 8.5 as the incident photon energy is tuned throughlth@bsorp-
tion edge. Inset: Same data on a linear scale. Data were taken
T=10 K. (b) (h0 8.5 and(c) (0.5 0l) scans through the magnetic
Bragg peak, taken at the peak of thg resonance at=10 K.

200 mA was achieved at the peak of theresonance. Scans

taken along thér andl directions through the antiferromag-

netic Bragg peak are shown in FiggbRand 2c), respec- , : < ) S

tively. The widths are the same as that of equivalent scan@tio Of the intensities, the branching ratio, (isithout ab-

through a charge Bragg peak and we therefore conclude thP"Ption correctionsl /I ~50. This is similar to the ratio

the magnetic Bragg peak is resolution limited and that thedbtained in previous work on NGuO,.*° Work on elemen-

Neel state indeed has long-range order. We may set a lowdal Nd reported a branching ratio of 6 after correction for

bound on the correlation lengths from the half width of theseabsorptior* The relative strengths of the, andL,, reso-

scans: We obtaig,=>375 A and¢, =770 A. nances are not fully understood and in fact existing theories
The structure evident in the energy dependence of the Ngredict that they should be comparable in magnittfdeow-

L, resonance of Fig. 2 warrants further comment. The engver, it has been observed that there is a systematic trend

ergy line shape displays a marked asymmetry with a tail o@mongst the rare earths in which the light rare ea(tbss

the low-energy side. In addition, there is some fine structuréhan half-filling of the 4 shel) generally exhibit a larger

on the high-energy side of the resonance. It seems likely thdt; resonance and the heavy rare earths a ldrgeenhance-

the asymmetry is the result of the interference between thgent. Gd, with an exactly half-filledf4shell fits this pattern

resonant and nonresonant magnetic scattered amplitudesith a branching ratio of around unify. Some of these

Such effects have been observed previously, for example iranching ratios were tabulated by Watseral ?*

Ho’ In Ho, it was found that the asymmetry increased as A striking feature seen at the magnetic Bragg position in

the scattering angle increased because of the angular depdhe vicinity of the NdL,, edge is the double-peaked structure

dence of the nonresonant amplitudé=or the spin structure of the resonanckFig. 3(b)]. This is in marked contrast to the

of Fig. 1, the angular dependence is expected to be strongér, absorption edgéinset in Fig. Za)], where only a single

than in the case of Ho, which may explain why the asymmepeak is observed. The origin of the doublet in thg reso-

try is so pronounced in Fig.(d). nance is not clear. One hint perhaps, lies in the observation
The peak on the high-energy side of the spectra of Figthat the splitting between the doublet componentS, eV, is
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2500 - rules would permit only transitions from thepg, level to
“ NdzBaN'OK the new level, i.e., they could only occur at thg, edge.
2000178 S This would explain the lack of two peaks at thg edge and

Z 5001 the relative strength of those at thg, edge. In analogy with
5 the situation in Ho, one might expect that the presence of the
g 1000- § Q=[107] core hole would pull the largely fAunoccupied level below
— the & band so that the lower energy feature would corre-
5001 spond to this transition. We emphasize that these ideas are
0 : , , speculative and further work, for example polarization analy-
o8 620 62 6 sis or theoretical calculations, is required to confirm or refute

(b) =[0.5 08.5] these ideas.

Having found large magnetic Bragg intensities at
T>Ty, we hoped that resonant critical scattering would be
observable aT> Ty . Unfortunately, it could not be detected
in our experiments. This is one down-side of the high
Q-resolution x-ray diffraction provides: diffuse features are
often practically impossible to see. We have also carried out
a search for nonresonant scattering, with the incident photon
energy set taE;=7.23 keV. AtT=10 K, a weak peak of
~1 cps above background was observed. This sets an upper
limit to the contribution of the Ni moment to the scattered
intensity in the data reported below. In comparison, at
T=10 K, at the peak of the NH,, resonance, a count rate of
approximately 3000 cps was obtained. Thus for all practical
purposes, the Ni contribution may be ignored.

Temperature-dependent measurements of th&"Nutder
parameter were carried out at ti@5 0 8.5 antiferromag-

I (counts/s at 200mA)

o ﬂ”"’eslceme . ' netic reciprocal-space zone center, with the incident photon
618 620 622 624 energy tuned to the Nd,, absorption edge. At each tempera-
ho (keV) ture the peak was first centered in(langitudina) | scan

[Fig. 2(b)] and the integrated intensity was measured in a

Brazlgb:él(linoe %’y(geiemngzggii Sreezgﬁ;za%g;b(as); (z??_rr?: rocking_(trans_ver_s)ah scan[Fig: 2(c)]. The (0.5 0_8.5 int_e- _

o ; ' g . .grated intensity is plotted against temperature in the inset in
flgorescence, as monitored by measuring the background intensi ig. 4. The main panel in Fig. 4 shows the temperature de-
with no analyzer far from any Bragg peaks. pendence of thearbitrary scalefiNd®* magnetic moment
(open circleg which is proportional to the square root of the
similar to the energy separation ofisand 4f electrons in  Bragg integrated intensity. The results obtained in neutron
Nd.** One possibility then, is that at least one componentiffraction experimentsare shown in solid symbols, circles
may be attributed to quadrupolar terms in the cross sectiorfor Nd** and squares for Ni". While the N#* moments
While in the dipole approximation the, andL, resonances rapidly reach saturation upon cooling, the Ndorder pa-
couple 24, and 25, States to 8, respectively, for quadru- rameter continues to increase down to 10 K. Between 10 and
polar transitions the final states aré;4 and 4f5,,. For the 40 K this temperature dependence is almost linear.
2psp initial state (,, edge transitions to both #,, and
4fg, are permitted bY.qua}drupolar selection rules, but only IIl. DISCUSSION
the 2p,,,— 4f5), transition is allowed for theé. |, resonance.
The selection rules alone cannot fully explain the observed Garca-Matreset al®> have analyzed their dc magnetic-
behavior, and we simply note that the quadrupolar selectiosusceptibility data for severdl,BaNiOs systems using a
rules are less strict for the,, resonance than fdr,. This  simple mean-field model. Following this analysis, we have
would require quadrupolar scattering to be roughly equal irfound that a similar approach works surprisingly well in de-
magnitude to the dipolar and, while magnetic resonant quascribing the temperature dependence of the*Nardered
drupolar scattering has been previously observed imoment measured in our experiments. The low site symme-
holmium 37 the quadrupolar contribution was found to be try for Nd** (mm2) splits the tenfold degenerate ground
significantly weaker than the dipolar term, as expected. Irstate into five Kramers doublets. Only the lowest-energy
addition, no such strong quadrupolar resonances were olloublet is populated at low temperatures and®Ndanay be
served in either NdRef. 21 or Nd,CuQ, at theL,, edge. treated as an effectively spiion with a certain gyromag-
There is however an alternative explanation. The noncemaetic ratiogyy. Since the magnitude of the single-ion anisot-
trosymmetric structure of N@aNiOs allows for the possi- ropy on the Ni sites is a subject of some debfiteie have
bility of mixing the 5d and 4 orbitals, which in turn permits arbitrarily chosen to use the two-level approximation for the
dipole transitions to states with largelyf £haracter. Were Ni?* as well, introducing the effective gyromagnetic ratio
such 4-5d hybridization to occur only with the &, de-  gy;. We further assume that the magnetization of th&" Ni
rived states and not thedg,, states, then the dipole selection and N&* sublattices can be calculated using the Brillouin

|25
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coupling constanta and 8 and an overall scaling factor. A
least-squares refinement results in a very good fit, reproduc-
° ing all the main features of the experimental curve. The tem-
perature dependences of the?Niand Nf* ordered mo-
ments calculated from the refined parameter values are
‘oo shown in solid lines in Fig. 4. The refined values torand
B are 2.97(3X 10° Oejug and 3.72(3x 10* Oejug . Due to
the phenomenological nature of this mean-field approach, the
¢ 10 20 30 40 50 absolute values of these parameters are not very meaningful,
TE although their relative magnitudes demonstrate the domi-
nance of Ni-Ni interactions. As suggested by Gaswlatres
et al,?® the N moments become saturated upon cooling
much faster than those of Nd. Below T=35 K the mag-
netization of the Nd* sublattice may be viewed as being
induced by a temperature-independent staggered field gener-
ated by the ordered Ri spins. This produces a broad linear
region in Myy(T). A similar induced ordering mechanism
for rare earth moments has been previously observed in other
systems, such as N@uO, and P,LCu0,.?"?®
It is important to emphasize that the mean-field approach
described above is greatly oversimplifield.priori, there is
no reason for the mean-field approximation to be applicable
to a strongly 1D system like NdBaNiOg. For example, in
50 our treatment we have assumed the Nd-Nd interactions are
negligible. In fact, these exchange pathways are believed to
TX) be essential for completing a 3D spin network and enabling
the spontaneous magnetic orderfrigowever, it may be that
FIG. 4. Temperature dependence of the Nd ordered momer§ mean-field treatment is adequate for the*Ndnoments
(open circley as derived from measurements taken atlthgeso-  due to the dominance of Ni-Ni coupling and the rapid order-
nance. The data have been arbitrarily scaled by an overall multiplijng of the Ni2* sublattice. This may explain why such a
cative factor to compare with tHgparserneutron results of Sachan good agreement with experiment is obtained. For th&*Ni
et al. (Ref. 8 (closed circles The closed squares represent the Ni sites on the other hand, the experimentally observed ap-
ordered moment as extracted from the neutron fits. The solid line oach to saturatiofFig. 4, solid Square)§ is visibly more
represent the moments obtained from a self-consistent mean-fieEﬁpid than predicted by th,e mean-field modig. 4, lower
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theory as discussed in the text. solid ling), demonstrating the limitations of this approach in
function for paramagnetic ions: describing the Ni ordering.
’ As far as critical behavior is concerned, our measure-
1 (1/2)gniseeHni ments fail to detect any deviations of the critical exponent
MNi=§gNi,uBtan}‘{ KT } B from the Ginsburg-Landau valyg=0.5. For real 3D mag-
B nets B is expected to be reduced3£0.35 for the 3D

Heisenberg modgl and even more so for lower-
1) dimensionality systems. Obviously, in our temperature-
dependent measurements the proximityTgf could not be
covered with sufficient precision, and the measured
“ B=0.5" refers to the temperature dependence outside the

M :} an (L2 gnamrsHNg
Nd 29NdMB —kBT

wherepug is the Bohr magnetorkg is Boltzmann’s constant,
andH,; andHyq are the effective self-consistent local fields

induced by the surrounding magnetic ions on the Ni and Nd'itical region. .
sites, respectively: The temperature dependence of the magnetic moment on

the Ni2* andL3" sites is central to understanding the tem-

Hni=aMyi+ BM g, perature dependence of the energy gap in the Haldane-like
Ni-chain magnetic excitation branches in MANiIOg (Ref.
Hng= YMpngt BMyi - (2) 9 and PpBaNiOs (Ref. 5. In these references it was shown

that the gap mode reflects spin fluctuations on the Ni sites,
Here «, B, and y are, respectively, the effective Ni-Ni, with no contribution fromL®*. Above Ty the energy gap is
Ni-Nd, and Nd-Nd coupling constants. To obtain the tem-~11 meV and shows little temperature dependence. Below
perature dependencédy(T) andM;(T) Egs.(1) and(2)  the Neel temperature, the gap increases linearly with de-
are solved self-consistently at each temperature. Fixing thereasingT. This behavior apparently continues well below
gyromagnetic ratios to the values deduced from neutronthe temperature at which the Ni moments become satu-
diffraction experimenfs (gyg=5.6 andgy;=2.4), and as- rated. At these temperatures the only changes in the static
suming the Nd-Nd coupling to be negligiBte(i.e., y=0),  magnetization arise from tHe®* sites. As the present work
we require only three adjustable parameters to fit the experdemonstrates, thie®* ordered moment steadily increases, at
mental temperature dependence of the*Ndnoment: two least down toT /5. Therefore, one possible explanation for
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the temperature dependence in the Ni-chain modes is thakten, suggesting the possibility of future work at more in-
they are influenced by an effective temperature dependem¢nse x-ray sources. Resonant magnetic scattering is an ac-
staggered field induced by the progressive ordering of theurate andelement-specifitechnique which may provide a
L3* spins. This scenario needs further investigation. In parpowerful complement to neutron experiments, in particular
ticular, theoretical models of such interesting mixed-spinfor two sublattice systems such as this one. In application to
quasi-1D quantum antiferromagnets aslth8aNiO5 family L,BaNiO5 materials, x rays may be the only probe suitable
would greatly facilitate the analysis of these experiments. for investigating the rich field-temperature phase diagram of

Gd,BaNiOs,>>?° due to the extremely strong neutron ab-

IV. SUMMARY sorption of Gd.

Resonant magnetic x-ray scattering was observed in
Nd,BaNiO; at both thelL,, andL, absorption edges. The
temperature dependence of the Ndorder parameter was
measured and found to grow continually down to the lowest The authors would like to thank M. Blume and J. M.
temperature studied, in contrast the Ni moment which is beTranquada for illuminating discussions and K. Kakurai for
lieved to saturate quickly. The temperature dependence aharing some of his unpublished results onBéNiOs.
the ordered moments of the two sublattices was modele@ork at Brookhaven National Laboratory was supported by
successfully with a simple mean-field theory. Magneticthe Division of Material Sciences, U.S. Department of En-
DAFS “wiggles” in the resonance spectrum were clearly ergy, under Contract No. DE-AC02-76 CH00016.
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